The Epistem Genedrive assay rapidly detects the Mycobacterium tuberculosis complex from sputum and is currently available for clinical use. However, the analytical and clinical performance of this test has not been fully evaluated. The analytical limit of detection (LOD) of the Genedrive PCR amplification was tested with genomic DNA; the performance of the complete (sample processing plus amplification) system was tested by spiking M. tuberculosis mc 2 6030 cells into distilled water and M. tuberculosis-negative sputum. Specificity was tested using common respiratory pathogens and nontuberculosis mycobacteria. A clinical evaluation enrolled adults with suspected pulmonary tuberculosis, obtained three sputum samples from each participant, and compared the accuracy of the Genedrive to that of the Xpert MTB/RIF assay using M. tuberculosis cultures as the reference standard. The Genedrive assay had an LOD of 1 pg/l (100 genomic DNA copies/reaction). The LODs of the system were 2.5 ؋ 10 4 CFU/ml and 2.5 ؋ 10 5 CFU/ml for cells spiked into water and sputum, respectively. False-positive rpoB probe signals were observed in 3/32 (9.4%) of the negative controls and also in few samples containing Mycobacterium abscessus, Mycobacterium gordonae, or Mycobacterium thermoresistibile. In the clinical study, among 336 analyzed participants, the overall sensitivities for the tuberculosis case detection of Genedrive, Xpert, and smear microscopy were 45.4% (95% confidence interval [CI], 35.2% to 55.8%), 91.8% (95% CI, 84.4% to 96.4%), and 77.3% (95% CI, 67.7% to 85.2%), respectively. The sensitivities of Genedrive and Xpert for the detection of smear-microscopy-negative tuberculosis were 0% (95% CI, 0% to 15.4%) and 68.2% (95% CI, 45.1% to 86.1%), respectively. The Genedrive assay did not meet performance standards recommended by the World Health Organization for a smear microscopy replacement tuberculosis test. Epistem is working on modifications to improve the assay. P ulmonary tuberculosis (TB) is commonly diagnosed on the basis of patient history, clinical presentation, radiological findings, and sputum smear microscopy in high-TB-burden countries, but these approaches have limited sensitivity and specificity (1, 2). Culture-based diagnosis is more reliable but is laborintensive, costly, and slow, which results in diagnostic delay even when available (3).
P
ulmonary tuberculosis (TB) is commonly diagnosed on the basis of patient history, clinical presentation, radiological findings, and sputum smear microscopy in high-TB-burden countries, but these approaches have limited sensitivity and specificity (1, 2) . Culture-based diagnosis is more reliable but is laborintensive, costly, and slow, which results in diagnostic delay even when available (3) .
Epistem (Manchester, United Kingdom) developed and recently self-certified for CE-IVD a rapid molecular TB detection test that has the potential to speed up and simplify the diagnosis of pulmonary TB. This test uses a simple paper-based DNA extraction method coupled with PCR amplification and detection on Epistem's Genedrive instrument, a lightweight, portable, benchtop PCR platform with real-time PCR and melting temperature analysis capabilities. Epistem's Genedrive MTB/RIF (Genedrive) assay detects the Mycobacterium tuberculosis complex by targeting two different regions of the M. tuberculosis complex genome, a short repetitive region, rep13E12, and a segment of the rpoB gene (4) (5) (6) . This test is CE marked for sale in European Economic Area (EEA) member states and is also licensed for distribution in India (7) (8) (9) . However, this test's performance has not been extensively evaluated or reported in peer-reviewed journals apart from a single study published by the manufacturer and collaborators (6) .
We assessed the analytical performance, biosafety, and diagnostic accuracy of the Genedrive assay for detection of M. tuberculosis. In the analytical study, we used DNA and M. tuberculosis cells spiked into buffer or M. tuberculosis-negative human sputum samples. In a multicenter prospective diagnostic accuracy clinical study, adults with suspected pulmonary TB were recruited, and the accuracy of Genedrive was compared to that of Xpert MTB/ RIF (Cepheid, Sunnyvale, CA) using a reference standard of mycobacterial culture.
MATERIALS AND METHODS
Ethics statement. The clinical study was approved by institutional review boards at Johns Hopkins Medicine, Boston University Medical Center, and each local study site. Participants provided written informed consent. Analytic studies. The complete protocol of the analytic studies is described in the supplemental material.
Analytic sensitivity. Initial limit of detection (LOD) studies were performed with genomic M. tuberculosis DNA (ATCC 25618) to test the Genedrive PCR assay and the instrument without using the assay's sample processing cassette. For these studies, 19 l of nuclease-free water and 1 l diluted DNA were added to each PCR vial of the Genedrive PCR cartridge as described in the supplemental Materials and Methods. Studies designed to test the sample processing and PCR detection capacity of the Genedrive system used quantified M. tuberculosis mc 2 6030 cells. For studies using cells without spiking into sputum, 20 l of each dilution was applied at the center of the sample loading cassette. Twenty microliters of cell dilution was also spiked into 480 l of distilled water and was tested for the presence of M. tuberculosis using the Xpert assay. For spiking studies into sputum, deidentified discarded sputum samples were collected from patients who were not suspected of having TB (10) . Thirty-two microliters of homogenized sputum was spiked with 8 l of the mc 2 6030 strain, where the last dilution was adjusted as needed to obtain the final cell concentration desired. Twenty microliters of this mixture was then applied to the center of the Genedrive sample loading cassette. Eight microliters of each cell dilution was also spiked into 492 l of sputum and was tested for the presence of M. tuberculosis using the Xpert assay as described in the supplemental Materials and Methods. At least one positive and one negative control were included in each set of experiments.
For DNA and sputum spiking studies, at least 10 samples were tested at each dilution. The highest dilution with 100% positive test results was then identified, after which the test was repeated with the same dilution for a total of at least 10 additional times. If any negative test results were obtained, then the next lowest dilution was tested in the same manner to find the percentage of positivity at that concentration. The lowest dilution with at least 20 test replicates that had 100% positive tests was used to define the limit of detection (LOD).
Analytic specificity. Sixteen clinically occurring nontuberculosis mycobacterium (NTM) species (Table 1) and 11 Gram-positive and Gramnegative bacterial and fungal species (see Table S1 in the supplemental material) that are among those commonly reported as causes of respiratory infections or that have been identified as commonly isolated respiratory tract colonizers were analyzed at a concentration of 10 7 CFU/ml. All strains were obtained from either the ATCC or the microbiology laboratory at the New Jersey Medical School, Rutgers Biomedical and Health Sciences, Rutgers University.
Biosafety studies. We also studied the extent to which M. tuberculosis present in sputum samples was killed using the Genedrive DNA extraction cassette. Different concentrations (10 7 to 10 5 ) of M. tuberculosis mc 2 6030 cells were applied onto the sample processing cassette directly or were first spiked into TB-negative sputum specimens and then applied to the cassette. The cassettes were allowed to stand at room temperature for 20 min. A 1 cm by 1 cm area of the membrane where the sample had been spotted in the center was cut out using a sterile scalpel and was inoculated into Bactec MGIT vials. Three different punches (1 mm by 1 mm in size) were also cut from the center of the membrane using a sterile disposable biopsy punch and were inoculated into MGIT vials. Similarly, 500 l of 7H9 medium was added to the center of the sample loading cassette, the membrane was washed twice, and the membrane washings were inoculated in MGIT vials. All inoculated vials were incubated in a Bactec 320 MGIT instrument until they were flagged as positive by the instrument or remained negative for 42 days. Positive controls (M. tuberculosis mc 2 6030 cultures of various concentrations with and without plain membrane) and negative controls (MGIT medium plus supplements plus panD) were incorporated in the study. Confirmation of M. tuberculosis growth in selected positive MGIT vials was performed by testing 1 ml of the culture using the Xpert assay.
Diagnostic accuracy clinical study. (i) Design, setting, and participants. A multicenter, cross-sectional, blinded diagnostic accuracy study was conducted. Participants were enrolled at outpatient clinics in Brazil, South Africa, and Uganda; hospitalized individuals were also enrolled in Uganda. Key inclusion criteria included an age of Ն18 years, a cough for Ն2 weeks, and one or more of the following: fever, night sweats, or weight loss. Individuals were excluded if they had received Ն2 days of anti-TB treatment within the prior 60 days. Each study participant was asked to provide a total of two sputum samples over days 1 and 2; a third sputum sample was collected within 7 days after enrollment (Fig. 1) .
(ii) Mycobacteriology testing. Tests were performed at designated on-site labs, each of which had a quality assurance program in place. Lab staff was trained in Genedrive procedures by the manufacturer, and all laboratory tests were performed according to the manufacturer's protocol that is described in the supplemental material. Briefly, 20 l of direct or processed sputum sample was placed on the Genedrive sample processing cassette and was allowed to dry at room temperature to extract nucleic acids from each sample. A 1-mm sterile disposable biopsy punch (Miltex, NY, USA) was used to cut 3 discs from the center of the cassette, and each disc was added individually to each of the 3 PCR vials of the Genedrive PCR cartridge. The sealed PCR cartridge was inserted in the Genedrive instrument, and the assay was run as per the manufacturer's instruction. Laboratory technologists performing Genedrive tests were blinded to the results of other tests for that specimen or participant. For each participant, the first sputum sample (sputum 1) was tested as a direct sample by fluorescence smear microscopy and Genedrive; the remaining portion of the sputum sample was then homogenized with 3-mm glass beads (Fisher Scientific, USA) and was tested using Xpert and Genedrive (Fig. 1) . The second sputum sample (sputum 2) was digested and decontaminated using N-acetyl-L-cysteine (NALC)-NaOH (11). The resulting pellet was resuspended in 1.5 ml phosphate-buffered saline, mixed, and used for Genedrive (ϳ50 l), Lowenstein-Jensen culture (LJ; 200 l inoculum), and MGIT culture (500 l inoculum). Sputum sample 3 was digested and decontaminated using NALC-NaOH; the pellet was resuspended as above and was used to inoculate an LJ culture and an MGIT culture. Genedrive and Xpert testing were performed per the manufacturer's instructions. A participant was considered to be culture positive if any study culture was positive for growth of M. tuberculosis and culture negative if no culture (iii) Statistical analysis. The LOD for the assay was analyzed by determining the percentage of positive tests for each concentration of M. tuberculosis isolates tested. The sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) of the Genedrive assay with 95% confidence intervals (CIs) were estimated for prehomogenized and posthomogenized sputum specimens using a reference standard of 4 valid culture results using online statistical software MedCalc, SigmaPlot (7.0), and Stata (Stata Corp., TX). Similarly, the sensitivities, specificities, PPVs, and NPVs of the Xpert assay and the acid-fast bacilli (AFB) smear were also calculated against culture standard. Additional secondary outcomes were sensitivity and specificity of Genedrive performed on raw sputum using Xpert as the reference standard.
RESULTS
Performance of Genedrive PCR for detection of M. tuberculosis genomic DNA. The Genedrive PCR assay reproducibly detected as little as 1 pg of DNA per reaction, which is equivalent to approximately 100 genomic copies per reaction ( Fig. 2A) . One hundred femtograms of DNA (approximately 10 genomic copies) was detected with 45% positivity, and 10 fg of DNA (approximately 1 genomic copy) was detected with 8% positivity.
Dynamic range and LOD of M. tuberculosis cell dilutions spiked into water. M. tuberculosis cells were detected 100% of the time tested down to dilutions of 2.5 ϫ 10 4 CFU/ml. This defined the Genedrive assay LOD for M. tuberculosis cells in a water matrix. The assay also detected 1 ϫ 10 4 CFU/ml in 85% of the tests and 1 ϫ 10 3 CFU/ml in 20% of the tests (Fig. 2B) . As a comparator, tests performed with the Xpert assay on the same 20-l sample volume of each concentration (brought up to a larger test volume with buffer as described in the Materials and Methods) detected 1 ϫ 10 4 CFU/ml in 100% of tests and detected 1 ϫ 10 3 CFU/ml in 60% of tests. We also tested the LOD of the Xpert assay using a 1-ml sample of each dilution (instead of the 20-l sample of each dilution tested above) since this is the normal test volume for the Xpert assay. Using this normal test approach, the Xpert assay detected 250 CFU/ml in 100% of tests and detected 100 CFU/ml in 83.3% of tests, which is consistent with the previously reported Xpert LOD (10) .
LOD of M. tuberculosis cell dilutions spiked into sputum.
We next tested the LOD of the Genedrive using known M. tuberculosis-negative clinical sputum specimens spiked with known numbers of M. tuberculosis cells. The assay correctly identified M. tuberculosis in sputum samples containing 10 7 and 10 6 CFU/ml and 5 ϫ 10 5 CFU/ml in 100% of all tests, defining the LOD in sputum as 5 ϫ 10 5 CFU/ml (Fig. 2C) . The assay also detected 2.5 ϫ 10 5 CFU/ml in 90% of tests, 1 ϫ 10 5 CFU/ml in 70% of tests, and 1 ϫ 10 4 CFU/ml in 16.7% of tests. The Xpert assay tested with the same volume (8 l) of 5 ϫ 10 4 CFU/ml cell dilution spiked into 492 l of sputum (i.e., approximately 400 CFU per Xpert cartridge) detected TB in 100% of tests and the 5 ϫ 10 3 CFU/ml dilution (i.e., approximately 40 CFU per Xpert cartridge) in 91.7% of tests. Using 1-ml samples of each dilution, the Xpert assay showed an LOD of 250 CFU/ml in 100% of tests.
Cross-reactivity with NTM and other bacterial species. The rep13E12-targeting portion of the Genedrive assay did not show any cross-reactivity with nonmycobacterial respiratory pathogens or bacteria (Table 1; see also Table S1 in the supplemental material). However, false-positive M. tuberculosis results were observed due to a melting temperature (T m ) shift in the rpoB probe of three NTM species, Mycobacterium abscessus, Mycobacterium thermoresistibile, and Mycobacterium gordonae (Table 1 ; see also Fig. S1a to d in the supplemental material). False positive reports due to T m shifts of the rpoB probe were also observed in 3 of 32 (9.4%) no-target or negative-control tests, of which one was in sputum matrix and two were with nonsputum negative controls (see Fig.  S2 in the supplemental material) .
Biosafety. M. tuberculosis growth occurred in all of the MGIT vials inoculated with an entire membrane, membrane washings, or three punches with cell concentrations ranging from 10 7 to 10 5 cells/ml (Table 2 ). Only the negative controls were culture negative. MGIT vials inoculated with the highest bacterial load, i.e., 10 7 cells/ ml, took less time (6 to 8 days) to turn positive than the MGIT vials with the lowest load, i.e., 10 5 cells/ml of membrane (10 to 25 days). Characteristics of participants in the clinical study. Between August 2014 and December 2014, 504 participants were enrolled. A total of 42 participants did not submit three sputum samples and were therefore excluded from the analysis (Fig. 3 ). An additional 80 participants did not have a Genedrive result for sputum 1, and 6 participants did not have an Xpert result for sputum 1. Forty participants were excluded from the analysis for other reasons per the protocol (Fig. 3) . The resulting 336 participants comprised the main analysis population; 120 (36%) were enrolled in Brazil, 121 (36%) in Uganda, and 95 (28%) in South Africa. Of these patients, 202/336 (60%) were male, 60/336 (18%) were documented to be HIV-positive, and 120/336 (36%) had cavitation on chest radiograph (see Table S2 
DISCUSSION
We report the first comprehensive evaluation of the Epistem Genedrive assay for detection of M. tuberculosis. The sensitivity of Genedrive was low compared to other methods, and this finding was consistent across the analytic studies using sputum spiked with M. tuberculosis and a clinical study using fresh sputum from adults with signs/symptoms of pulmonary TB. Analytic study results indicated that the observed suboptimal sensitivity can be traced to the sample processing component of the assay. The amplification portion of the assay appeared to perform well, with an LOD of 100 genomes when tested with purified M. tuberculosis DNA that did not require any additional sample processing. Therefore, it is likely that the assay's limited performance is due to the relatively small amount of sample that is processed on the paper cassette and then placed into the assay amplification vial. Insufficient cell lysis or insufficient removal of PCR inhibitors from sputum by the cassette may also adversely affect sensitivity, although we did not specifically study these parameters. Our results differ markedly from the only other paper published on this assay to date (6) .
The Genedrive assay did not show any positive results when tested with common Gram-positive and Gram-negative respiratory pathogens. However, there were false-positive rpoB peaks when tested with M. abscessus, M. gordonae, and M. thermoresistibile. False-positive results for M. tuberculosis detection were also observed in 9% of negative controls, although the reasons are unclear. A test design concern is that the assay internal control is run in a different assay tube than the two M. tuberculosis detection tubes. This control format may make it difficult to detect tube- specific reagent issues or uneven distribution of PCR inhibitors from the test sample.
The analytical component of our study demonstrated that the Genedrive sample-processing cassette did not result in a reduction in viable M. tuberculosis CFU sufficient to make the sample biosafe. At least a six-log reduction in viability is generally required to consider that a procedure has sterilizing ability (12, 13). We recommend that biosafety level 3 (BSL3) lab facilities or at least a 
FIG 3
Overview of patient enrollment and study outcomes. A total 504 suspected pulmonary TB patients were recruited in this study, of which 42 patients were unable to produce sputum specimens. Of the remaining 462, 80 participants did not have a determinate Genedrive result on sputum 1 (12 with test result of "error" and 68 with Genedrive testing not performed due to instrument inoperability or no intact cartridges at the testing site), and 6 participants did not have a determinate Xpert result for sputum 1 (2 with test result of 'error' and 4 with Xpert testing not performed due to human error) and hence were excluded from the study. Of the 336 participants who completed this study, 97 were culture positive and 239 were culture negative. Among culture positives, 75 were AFB positive and 22 were AFB negative by smear microscopy. S1, sputum 1; NTM, nontuberculous mycobacteria; MTB, M. tuberculosis; LJ, Lowenstein-Jensen culture; MGIT, mycobacterial growth indicator tube culture; TTP, time to positivity; AFB, acid-fast bacilli.
BSL2 facility with a biosafety-2 cabinet be used to process samples for this assay until additional work can be done to confirm that assay procedures are biosafe. Sample processing cassettes should be treated with 20% bleach or another acceptable decontaminant for 20 to 30 min before being discarded. Our analytic LOD study was critically dependent on proper mixing and dispersion of the spiked M. tuberculosis cells into the test matrix. Only a small (20 l) volume of this matrix was applied to the processing cassette, and even smaller portions (two small punches) were placed into the assay amplification tubes. Therefore, poor mixing of the sample may have resulted in some 20-l aliquots having unexpectedly low numbers of spiked M. tuberculosis cells. However, our procedures addressed this issue as much as possible by vortexing and sonicating samples for homogenization. Furthermore, the Xpert assay was able to detect M. tuberculosis from dilution aliquots containing as little as 10 3 CFU/ml when we placed the same volume of cell suspension (20 l) in the Xpert and on the Genedrive sample processing cassette. This parallel study with the Xpert assay demonstrated that M. tuberculosis was detectable even from the 20-l aliquots.
Findings from the diagnostic accuracy clinical study confirmed the low sensitivity observed in the analytic study. Genedrive sensitivity was inferior to that of Xpert overall and was also substantially lower than that of smear microscopy. Genedrive's sensitivity was well below minimum targets (60% for smear-negative/culture-positive TB and 99% for smear-positive/culture-positive TB) recommended by the World Health Organization for high-priority new TB diagnostics (14) . It is worth noting, however, that the observed Genedrive performance generally met or exceeded the WHO targets with respect to specificity, number of assay steps, time to result, and instrument and power requirements.
In the clinical study, the sensitivity of Genedrive was lower in direct sputum specimens tested before homogenization versus those tested after homogenization and was highest when NALCNaOH-processed sediment was used. This is likely a consequence of heterogeneous distribution of bacilli in nonmanipulated sputum, a challenge also encountered in the analytic study. While it is encouraging that sensitivity can be increased through sputum manipulation, a requirement for sputum manipulation would nevertheless be a disadvantage in practice and limit the test's use at point-of-care. A limitation of the current study is that we did not assess the ability of the Genedrive assay to detect genotypic changes associated with rifampin resistance.
In summary, results from analytical and clinical studies showed low Genedrive sensitivity for the detection of M. tuberculosis. There was cross-reactivity with three nontuberculosis mycobacterial species, and the sample-processing cassette did not result in a reduction in viable M. tuberculosis CFU sufficient to make the sample biosafe. The Genedrive assay is undergoing further development, and the test developers are aiming to address the different issues highlighted in this work.
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